Understanding myofibrillogenesis is essential for elucidating heart muscle formation, development, and remodelling in response to physiological stimulation. Here, we report the dynamic assembly process of contractile myosin filaments onto myofibrils in a live cardiomyocyte culture during myofibrillogenesis.
Introduction
Myofibrillogenesis is the process that assembles all protein components of a sarcomere and connects the sarcomeres to form myofibrils. Understanding myofibrillogenesis is essential to elucidate heart muscle formation, development, and remodelling in response to physiological stimulation. It is also critical to cardiac regulation in response to the mechanical load. Increase in diastolic strain causes cardiomyocytes to elongate by adding sarcomeres in series and continued systolic stress causes cardiomyocytes to thicken by adding sarcomeres in parallel. 1 Although the contractile components (e.g. actin and myosin filaments) and the structural components (e.g. the sarcomeric titin) are known to be synthesized separately before being assembled to form a mature sarcomere ( Figure 1) , 2 -4 a model that describes the entire formation process of myofibrillogenesis has yet to be established due to lack of detailed information on the assembly process of each sarcomeric protein. Several models have been proposed to describe how sarcomeric components are assembled onto mature myofibrils 5 -7 : (i) template model-stress fibre-like structures are thought to play the role of template or scaffold for myofibrillar assembly 5 ;
(ii) stitching modelsarcomeric components are thought to be assembled at the end of an existing myofibril by adding I-Z-I bodies and myosin filaments alternately 8 -10 ; and (iii) premyofibril model-the formation of myofibrils is thought to undergo three stages: premyofibrils, nascent myofibrils, and mature myofibrils. The three stages are distinguished by the substitution of muscle myosin II for non-muscle myosin IIB and the maturation of Z-disks from Z-bodies. 6, 11, 12 In the premyofibril stage, non-muscle myosin IIB is interdigitated with Z-bodies that contain alpha-actinin.
In the nascent myofibril stage, muscle myosin II is substituted for nonmuscle myosin IIB; this continues toward the mature myofibril stage, when all the non-muscle myosin IIB has been replaced by muscle myosin II. † They are co-first authors.
It has been demonstrated that sarcomeric components are not added simultaneously to the existing myofibrils; instead, different components are assembled successively on existing myofibrils, as described in the models above. The addition of myosin filaments is believed to be one of the final events in the process that leads to sarcomeric maturation. 3, 13, 14 It is unclear how myosin filaments are initially added onto myofibrils. Immunocytochemistry research based on myosin-filament staining has enhanced our understanding of myofibrillogenesis. 6 However, current fluorescence techniques can determine the position of the myosin proteins only from fixed cell samples and thus cannot be used to visualize the dynamic assembly process of myosin filaments. Second harmonic generation (SHG) is intrinsic to certain specific structures; the SHG signal from cardiomyocytes arises from the coiled-rod structure of myosin filaments. 7 Therefore, the dynamic assembly of myosin filaments onto a myofibril may be studied without protein labelling. 8, 9, 15 Through the combination of two-photon excited fluorescence (TPEF) and SHG (TPEF -SHG), additional structural information can be obtained from a cardiomyocyte 10, 11 ; this microscopic technique is ideal for tracking how specific sarcomeric proteins are assembled onto myofibrils during myofibrillogenesis. Since myofibrillogenesis is a process that spans hours to days, we have developed a hybrid TPEF-SHG imaging system with an on-stage incubator that provides conditions that are close to the in vitro culture condition of isolated cardiomyocytes (e.g. 5% CO 2 , 378C, 95% humidity). 15 Here, we report the dynamic process of myofibril formation in neonatal cardiomyocytes during 10 h of on-stage incubation. With the on-stage incubator and without the necessity of sarcomeric protein labelling, the system provides us with the ability to study the dynamic process of new sarcomere addition by directly monitoring the assembly of myosin filaments in living cardiomyocytes. The concepts explicated in the premyofibril model best describe our observations, and they will be adopted in our explanation of the experimental results and in Section 4.
Methods

TPEF -SHG imaging system with an on-stage incubator
The construction of the TPEF -SHG imaging system with an on-stage incubator is described in our previous publications. 12, 15 The exciting laser beam was generated from a Ti:Sapphire laser (100 fs and 80 MHz, Tsunami 3960-X1BB pumped by a 10 W Millennia, Spectra-Physics) and was tuned to 810 nm. Our on-stage incubator was built based on the Okolab product (H301-TC1-HMTC, 2GF-MIXER, Okolab S.r.l., Ottaviano, NA, Italy), which is composed of an electronically heated Myosin-filament assembly during myofibrillogenesis aluminum frame (slightly larger than a 96-well plate) with feedback control and two covers (top and bottom). We custom built the bottom cover for mounting our cell culture dish and the top cover for mounting our optical window. A mixture of 95% air and 5% CO 2 was pumped to go through the heater unit containing deionized (DI) water, and the humidified air mixture ( 378C, 95% humidity) was supplied to the chamber of the on-stage incubator. By design, the chamber was not completely sealed, and the 5% CO 2 /95% humidity mixture was retained by adjusting the balance between the leakage and the supply through a feedback system. The 378C temperature inside the culture dish was preserved by adjusting the balance between the heat loss and gain through a feedback system including a temperature sensor placed inside the media contained by the cell culture dish.
Image acquisition and cell viability assessment
During the imaging process, a cell was scanned continuously (a frame of 2D image) at a rate of 4 s per frame (spf), and the image data were saved in a virtual stack ( 10 -20 frames in 40 -80 s) during each image acquisition trial. We performed one image acquisition trial every 15 min. Therefore, the selected cell was under continuous exposure in a period that was 4 -8% of the overall time of the experiment. To explore the risk of cell damage by the laser beam, we tested cell viability after each imaging process using a laser with a power that varied between 1 and 5 mW, a range used in a typical SHG imaging process. To achieve long-term observation, our experiment was designed to image a few individual cells selected from thousands of cells in each culture dish. Consequently, it was not feasible to use live/dead assays, such as LDH or CK-MB release, to study cell damage caused by the laser beam. Instead, we assessed cell viability based on morphologic changes. If after three image acquisition trials ( 30 min) the cell lost its sarcomeric structure as reflected by the SHG signals shown in Figure 1B -D, the laser power would be considered harmful to cell viability. We found that for our imaging system, 2.8 mW was the optimum laser power to generate a strong SHG signal while maintaining cell viability. When fixed and stained cells were imaged, the average power of the incident fs laser beam was adjusted to ensure that the best image quality was obtained and the on-stage incubator was turned off. The virtual stack was processed and analyzed by ImageJ. (http://rsbweb.nih.gov/ij/) Although a laser beam of 2.8 mW greatly improved cell viability, cell damage still occurred in our experiments. It has been reported that exposure of an fs laser at 810 nm may damage cells. 13, 14, 16 We observed myosin filament assembly in 20 growing cardiomyocytes in 6 experiments (i.e. 3 -4 cells were scanned in each experiment). Among all the 20 cells, 1 cell showed no structural change in 10 h of on-stage incubation, 16 of them showed phenomena similar to that demonstrated in Figure 1B -D after several image acquisition trials (1 -4 h): the structural changes were undistinguishable. The addition of new sarcomeres longitudinally along a myofibril or laterally perpendicular to the myofibril was observed in all three remaining cells. The cardiomyocytes were collected as previously described. 15, 17 Briefly, the heart was isolated and minced into 1 mm 3 pieces with scissors and first digested with trypsin solution (0.14 mg/mL without EDTA) overnight, then shaken at 75 rpm in a collagenase solution (1 mg/mL Collagenase II, GIBCO; 0.24 U/mL Neutral Protease, Worthington) for 1.5 h. The fibroblasts were removed by pre-incubating the cells in a 150-cm 2 flask with the culture medium [DMEM solution containing 20% foetal bovine serum (FBS)] for 2 h at 378C. The purified cardiomyocyte ( 90%) suspension was diluted to 100 K cells/ml and then seeded into 35-mm glassbottom culture dishes coated with laminin (20 mg/mL). The cells were cultured in a conventional incubator (378C and 5% CO 2 ). The culture medium (DMEM, 20% FBS) was changed after 24 h to remove dead cells and then was changed every 2 days.
Primary cardiomyocyte culture
TPEF -SHG and multichannel confocal imaging
After 1 day of culturing, one cardiomyocyte culture dish was placed into the on-stage incubator for live cell imaging using our TPEF -SHG imaging system. Simultaneously, cardiomyocytes in other dishes were fixed with absolute ethanol for 30 min at 2208C, then immersed in blocking solution (4% normal donkey serum, 0.02 mg/mL bovine serum albumin, 0.05% Triton X-100, dissolved in phosphate-buffered saline). 
Results
According to the nature of the SHG images described in Section 1, here we accept the assumption that SHG signal patterns are images of the myosin filaments, and thus the striated SHG signal patterns indicate mature sarcomeric structures. To investigate the growth of myofibrils in live cardiomyocytes, we first observed, without cell staining, the SHG signal patterns that indicate the striated myofibrilar structure. A separation area located at the boundary of multiple mature myofibril segments was found to be filled with newly developed sarcomeres in a cardiomyocyte in the culture dish ( Figure 2 , arrow-a). The structural difference before and after the addition of sarcomeres was studied by analysing the grey value change in this area in Image J. Two additional mature sarcomeres were detected after being cultured on the stage for 8.5 h ( Figure 2E and F, surrounded by rectangles). The mature sarcomeres were identified by peaks with doublets in the curves of grey value (characteristic of mature sarcomeres 18 ). A propagation perturbation appeared at this separation area when a contraction wave was propagating from one segment to the other along the myofibrils (data not shown). However, the perturbation disappeared when the separation area was filled by mature sarcomeres. Therefore, the separation area ( Figure 2D , arrow-a) appears to be the interstice where the divided myofibril sections unite into a single mature myofibril. The time-lapse image sequence ( Figure 2G ) demonstrates that during maturation of the sarcomeres at the separation area, the assembly of myosin filaments to the sarcomeres progressed laterally from one side of the sarcomeres to the other side. At the beginning of the experiment, no apparent striated structure could be distinguished in the area indicated by arrow-b (Figure 2A) . After on-stage incubation for 90 min, a striated structure gradually became distinguishable between the middle of the cell body and the edge of the cell body ( Figure 2B-D) . The SHG signal is emitted from bundled myosin filaments, 7, 19 so our time-lapse observation demonstrated the time sequence of myosin-bundle formation, accumulation, and addition to a myofibril. For example, it was observed that the myofibril length increased longitudinally with incubation time (Figure 2A -D arrow-b, and I-J; Supplementary material online, Video S1; the time format is hh:mm:ss). A similar phenomenon was observed at the area indicated by arrow-c (Figure 2A-D) , where a new myofibril was added adjacent to the existing myofibrils during a 10-h time-lapse observation of SHG. Notably, as the myosin filaments were being assembled onto the new myofibrils (arrow-c), the direction of adding myosin filaments in a single sarcomere was from the adjacent mature myofibrils outwards ( Figure 2K and the Supplementary material online, Video S2; the time format is hh:mm:ss). Alpha-actinin has been recognized as one of the most important sarcomeric proteins present as the myofibrillogenesis begins. 20 The images displayed in Figure 2 show only myosin filaments represented by the SHG signal patterns. To reveal how the myosin filaments are related to alpha-actinin during the formation and growth of myofibrils, we fixed the in vitro cultured neonatal cardiomyocytes The gray values of the SHG image indicated by arrow-a at 0 min and 8 h 30 min are plotted against the axial distance before and after new sarcomere addition. The images in (E) and (F ) were obtained by rotating those in A-D at a specific angle to make the aligned Z-discs in the rectangles orient vertically; in this vertical direction, the pixel intensity was averaged and plotted against the axis of the myofibril that is oriented horizontally. (G and K) The time-lapse sequence of the gray values (against the lateral distance) in the areas indicated by inserted rectangles -a and -c in the SHG image shown in H. The corresponding horizontal bars were obtained by selecting a threshold gray value (e.g. 1/3 peak value) and binarizing the gray value images accordingly to demonstrate the lateral extension of sarcomeres from one side to the other. Similarly, the time-lapse images in J demonstrate the axial growth of a myofibril indicated by the inserted rectangle-b in I (the dynamic processes at areas b and c are displayed in the Supplementary material online, Video S1 and S2, respectively; the time format in the videos is hh:mm:ss) (scale bar: 10 mm).
Myosin-filament assembly during myofibrillogenesis at Day 1 and immuofluorescently labelled the alpha-actinin. We then collected the fluorescence signal that represented the distribution of alpha-actinin from the TPEF channel of our imaging system and simultaneously collected the SHG signal that represented the distribution of myosin filaments from the SHG channel. Then alpha-actinin and myosin-filament images were reconstructed, assigned different colours, and combined.
Since our imaging system has only one TPEF channel, we employed a multichannel confocal microscope (Nikon Eclipse Ti microscope) to record the cell nucleus, alpha-actinin, and F-actin in one fluorescent image, and then inserted the myosin filament image that was recorded from the same cell with our TPEF-SHG imaging system ( Figure 3A-E) . To ensure the insertion would accurately maintain the relationship among alpha-actinin, F-actin, and myosin filaments during myofibrillogenesis, an image-matching operation was performed to linearly transform the TPEF-SHG image so that the alpha-actinin image obtained from the TPEF channel would perfectly overlap that obtained from the multichannel confocal microscope. Consequently, the correspondingly transformed myosin filament image ( Figure 3D ) from the SHG channel of the TPEF-SHG system would be under the same coordinate system as the other multichannel confocal images ( Figure 3A-C) .
Figures 3 and 4 are alpha-actinin/myosin filament (SHG signal patterns)-, or alpha-actinin/F-actin-combined images, which show that alpha-actinin and F-actin overlap to form small dots in the cell periphery (yellow arrows in Figure 3E and green arrows in Figure 4E and F ). Similar small dots can be found in other images obtained from the TPEF-SHG imaging system (yellow arrowheads in Figure 3G -I; green arrows in Figure 4B ). Alpha-actinin lines and myosin filaments from the TPEF-SHG imaging system formed an interdigitated pattern similar to that of striated mature myofibrils ( Figure 3F-K) . The detected myosin filaments were distributed mainly in the central area of the cells or in the middle section of the myofibrils at the boundary of the cells (Figure 3F-H) . The alpha-actinin pattern (e.g. the long red strips in Figure 4B ) extended laterally along the Z-disk direction, split into multiple strips while the myosin filaments gradually appeared, and became divided into segments along the myofibril direction to form the striated structure.
Discussion
In the time-lapse images from the SHG channel, the maturation of myofibrils from non-striated to striated pattern was recorded ( Figure 2J, single arrows) , but the involvement of other sarcomeric proteins in transition from non-striated to striated pattern cannot be determined in these images. To explore this transition in detail, we fluorescently stained alpha-actinin and F-actin in the cultured cardiomyocytes at Day 1 (Figures 3 and 4) . Here, we assumed that the progressive assembly of sarcomeres to myofibrils that is observed using our time-lapse SHG would be recorded in a single static image obtained with the immunofluorescence imaging technique, and thus various myofibrillar growth patterns (e.g. those described by the premyofibril model) recorded by the time-lapse SHG would be reflected at various developing regions in the static image. Accordingly, the assembly process of the alpha-actinin and the myosin filament exhibited statically in Figures 3 and 4 could be explained by the time-lapse images shown in Figure 2 .
Based on the above consideration, the results are given the following descriptions: (i) in the confocal images, alpha-actinin and F-actin (e.g. indicated by yellow arrows in Figure 3E and green arrows in Figure 4E and F ) overlap to form small dots, which we believe are Z-body structures described as premyofibrils in the premyofibril model. Similar small dots were found in the TPEF-SHG imaging system (e.g. indicated by yellow arrowheads in Figure 3G-I) . Consequently, we assumed that the corresponding alpha-actinin images obtained through the TPEF channels, such as are indicated by the green arrows in Figure 4B , were indications of premyofibrils, although F-actin was not monitored simultaneously; (ii) for the same sample, striated mature myofibrils imaged by the confocal system coincided with the striated structures obtained by the TPEF-SHG imaging system ( Figure 3E, red arrows) , which is consistent with the accepted concept 16 that the striated structure obtained by the SHG imaging system is formed from myosin filaments; and (iii) the detected myosin filaments were distributed mainly in the central area of the growing cells or in the middle section of the myofibrils at the boundary of the growing cells ( Figure 3F -H, and J ).
In the present research, two types of myosin filament patterns, non-striated and striated, were observed in different areas of a growing cardiomyocyte (e.g. Figure 4D ), which, as described above, corresponds to various assembly stages of myofibrils (e.g. Figure 2J ). We consider that the premyofibril model best describes our observation because in our experiments, the three dynamic stages of myofibril formation (premyofibrils, nascent myofibrils, and mature myofibrils) predicted by the premyofibril model were observed in the assembling myofibrils: (i) alpha-actinin and F-actin staining dots were observed without simultaneous observation of myosin filaments at the early stage of myofibril formation ( Figure 3E , yellow arrows); these observed structures have been recognized as premyofibrils. 3,12 -14 (ii) Then, myosin filaments were observed, and the striated patterns of myosin filaments, alpha-actinin, and F-actin, which constitute nascent myofibrils at their late stage, began to form ( Figure 3K ). (iii) Finally, we observed perfectly aligned striated patterns of myosin filaments, alpha-actinin, and F-actin ( Figure 3E , red arrows), which are characteristic of mature myofibrils. On the other hand, in addition to observing sarcomeric addition at the growing end of myofibrils, 15 we observed sarcomeric addition in the middle and at the side of developing myofibrils (Figure 2) . Neither the stitching nor the template model can completely describe these additions. Based on the above discussion of the stained alpha-actinin images, we can discuss the formation of Z-discs in terms of our results. Initially, the non-striated alpha-actinin-represented fibril extended laterally at the areas where myosin filaments have low density ( Figure 4B , yellow arrowhead), which may correlate with the myosin filament's axial growing edge ( Figure 2J) . At this stage, no split of the fibrillar alpha-actinin pattern was found. Then, the extended alpha-actinin cluster became thinner along the myofibril's axial direction and elongated along the lateral direction when more myosin filaments were detected, which is demonstrated at the area where myosin filaments have higher density ( Figure 4B , white arrow): This location may correlate with the myosin filament's axial growing front ( Figure 2J) . Finally, the extended alpha-actinin cluster became a thin line to form a mature Z-disc ( Figure 4B, red arrowhead) , which is shown at the area where myosin filaments have the highest density ( Figure 4B, red  arrow) . This location may correlate with the myosin filament's axial growing section ( Figure 2J ).
Sparrow and Schö ck reviewed a model proposed to extend the premyofibril model. 21 In this extended model, the bonding of Z-bodies to an integrin-dependent cell matrix adhesion was suggested as the starting point of myofibrillogenesis. Many techniques, such as the microcontact printing technique 22 and the collagen alignment technique, 23 have been applied to regulate the shape of cardiomyocytes and the orientation of myofibrils through controlling, outside the cell, the distribution of integrin-dependent cell matrix adhesions in the cell membrane. The success of these techniques supports the idea that the integrin-dependent cell matrix adhesion paves the way for myofibrillogenesis. Our data (Figure 2 , arrows -b and -c) indicate that, in addition to the alignment of integrin-dependent cell matrix adhesions in the cell membrane, pre-existing myofibrils inside the cell can serve as a template for the alignment of the assembling myofibrils. The sarcomeric alignment of newly formed myofibrils with their neighboring mature myofibrils ( Figure 3K ) implies that preexisting myofibrils may also play the role of a template and regulate the formation of new myofibrils. By comparing Figure 3J with Figure 2J , it can be seen that the patterns are similar in the areas denoted by the arrow and arrowhead in both figures, which implies that the arrow-and arrowhead-denoted myofibril in Figure 3J is at the assembly stage, similar to that represented in Figure 2J (02:00:00). Therefore, based on the point of view expressed in the first paragraph of this Section 4, we believe that the areas denoted Green arrows: premyofibril-only the alpha-actinin pattern appeared along the direction of the myofibrils, where no SHG signal was detected; yellow arrowhead: lateral extension of the alpha-actinin pattern at the site where the Z-disk will appear in the future; yellow arrow: nascent myofibril-one alpha-actinin branch extended laterally and was connected with two alpha-actinin branches where the SHG signal pattern appeared; white arrow: the laterally extended alpha-actinin pattern became thinner when the SHG signal pattern appeared on both sides along the myofibril direction; blue arrow: the laterally extended alpha-actinin pattern became thinner when the SHG signal pattern on both sides of it was intensified to replace the alpha-actinin at the future A-band area; red arrow: mature sarcomere-the split alpha-actinin pattern had completely disappeared at the A-band area; red arrowhead: smooth laterally extended alpha-actinin pattern at the Z-disk area. Similar splits of the alpha-actinin pattern were found at most areas where the transition from non-striation to striation occurred (e.g. the area enclosed by the yellow ellipse in (B)). (C) Magnification of the area surrounded by the white brackets in (A). The white arrow indicates where the alpha-actinin pattern in Z-disks extended laterally from the striated myofibril structure at the area where the two cardiomyocytes connected. (D) The green-channel image of B showing only the SHG signal pattern. (E and F) Confocal images of double-stained alpha-actinin (red) and F-actin (green) from another cell sample acquired with a Nikon Eclipse Ti microscope. E is the red-channel image and F is an overlapped image from the red and green channels. The yellow arrowheads point to the striated (mature) myofibrils and the green arrows point to the dotted pre-myofibrils. An area of nascent myofibrils (transition from non-striation to striation) is circled by the yellow ellipse (scale bar: 10 mm).
by white arrowhead, white/yellow arrows, and yellow arrowhead in Figure 3J and K, respectively, represent mature, nascent, and premyofibrils. Consequently, the alignment of the Z-discs of the growing myofibril from one end to the other with its neighboring mature myofibril suggests the templating process of the formation of new myofibrils. Based on these results, we propose a model to describe the addition of myosin filaments to existing myofibrils ( Figure 5) . Initially, the aligned premyofibril ( Figure 5A, red) is split by the lateral assembly of myosin filaments ( Figure 5 , A1 -A4); this process removes the alpha-actinin at the A-band area, and condenses the alpha-actinin at the Z-disc area, until the sarcomere matures ( Figure 5, A5) . This lateral addition of myosin filaments proceeds stepwise along the axial direction to mature myofibrils ( Figure 5, B1 B3 ), and the mature myofibrils then regulate the alignment of the growing myofibrils, probably through the connection of sarcolemma related proteins ( Figure 5B , yellow) such as desmin at the Z-disk area.
In terms of the data presented here and our previously published data, 15 we conclude that new sarcomere addition can occur at both the ends and the sides of existing myofibrils and at the interstice of several separated, existing myofibrils. During the addition of sarcomeres, myosin filaments are assembled onto the myofibril laterally. This lateral addition proceeds stepwise along the axial direction and plays an important role in the accumulation of Z-bodies to form mature Z-discs and in correlating the growing myofibrils with the neighboring mature myofibrils. Our results provide insight into the mechanism of assembly of myosin filaments during the addition of new sarcomeres onto the myofibrils. This could promote understanding of the mechanism of cardiac hypertrophy, especially pathological hypertrophy and the development of therapeutic techniques.
Supplementary material
Supplementary material is available at Cardiovascular Research online. 
